Titin is a gigantic elastic filament that determines sarcomere ultrastructure and stretch response in vertebrate muscle. It folds into numerous Ig and FnIII domains connected in tandem. Data on interdomain arrangements and dynamics are essential for understanding the function of this filament. Here, we report a mechanistic analysis of the conformational dynamics of two Ig domains from the N terminus of titin, Z1Z2, by using X-ray crystallography, SAXS, NMR relaxation data, and residual dipolar couplings in combination. Z1Z2 preferentially adopts semiextended conformations in solution, with close-hinge arrangements representing low-probability states. Although interdomain contacts are not observed, the linker appears to acquire moderate rigidity via small, local hydrophobic interactions. Thus, Z1Z2 constitutes an adaptable modular system with restricted dynamics. We speculate that its preexistent conformation contributes to the selective recruitment of the binding partner telethonin onto the repetitive surface of the filament. The structural interconversion of four Z1Z2 conformers is analyzed.
Introduction
Filamentous proteins are characterized by intrinsic flexibility and a poorly defined long-range order that defies the elucidation of their atomic details. Crystallographic approaches often suffer from the difficulty of crystallogenesis, and, even if structure elucidation is achieved, the resulting crystalline conformations can be of doubtful physiological relevance. Similarly, NMR methods based on NOE-derived distance restraints are compromised by the scarcity of close contacts across modular components, which prevents an accurate description of the overall conformation. These difficulties have obstructed the analysis of a crucial modular protein, titin, which forms giant sarcomeric filaments that control the ultrastructure, genesis, turn-over, and passive mechanics of vertebrate muscle (for a review, see Granzier and Labeit, 2004) . Titin folds into w300 Ig and FnIII modules assembled in tandems that span over 1 mm of the sarcomere-from the Z-disc to the central M-line. To date, atomic models have only been reported for a few components of titin (listed in Marino et al., 2005) , primarily as isolated domains that do not further clarify the architecture of this filament. An initial insight into domain arrangements in tandem repeats has been obtained through methods such as small-angle X-ray scattering (SAXS), NMR relaxation studies, and electron microscopy. These have addressed I91-I92 (formerly I27-I28) and I91-I94 from the distal I-band of titin (Improta et al., 1998) , the Ig doublet Z1Z2 at the N terminus (Zou et al., 2003) , and I65-I70 from the skeletal I-band (Marino et al., 2005) . In complementary studies, interactions between consecutive Igs in I-band fragments I10-I11 and I91-I96 (Politou et al., 1996; Scott et al., 2002) have been examined by using thermodynamics of unfolding, crosslinking, and inter-Ig complexation. Taken together, these data suggest that Ig modules of titin follow a ''beads-on-a-string'' model of organization that has limited interdomain motion, but weakly interacting neighboring modules. However, in the absence of atomic models of tandem domain fragments of titin, the molecular principles underlying the architecture of this filament remain unclear.
Here, we analyze the conformational dynamics of the N-terminal doublet Z1Z2. This is integral to the sarcomeric Z-disc, where it interacts with the small protein telethonin (Mues et al., 1998) . Overexpression of Z1Z2 and telethonin disrupts the association of titin filaments and the ultrastructure of the Z-disc (Gregorio et al., 1998) , highlighting the central skeletal role of these components. The crystal structure of Z1Z2 complexed to telethonin has been recently reported (Zou et al., 2006) , this being the only domain pair of titin for which a model is available. The complex consists of a pseudosymmetric arrangement in which two antiparallel Z1Z2s sandwich one telethonin molecule. The latter forms an elongated b sheet structure that interacts with its two Z1Z2 partners via main chain hydrogen bonds, thereby mediating titin assembly and anchoring at the Z-disc. The current work reports the atomic characterization of the isolated Z1Z2 and applies a combination of X-ray crystallography, SAXS, NMR 15 N relaxation, and residual dipolar coupling (RDC) studies. Our data indicate that Z1Z2 constitutes an adaptable modular system with restricted dynamics that preferentially adopts semiextended conformations in solution. Compact domain arrangements appear to exist only as low-probability states. The comparative analysis of four Z1Z2 conformers provides an understanding of the structural dynamics of this doublet and its possible implications for the complexation of telethonin. Thus, Z1Z2 constitutes the first Ig tandem of titin for which an architectural, dynamic, and binding characterization has been completed. This might serve as a model system for understanding further the mechanisms of the poly-Ig arrays in titin.
Results

Crystal Structures of Two Conformational States
The crystal structure of Z1Z2 has been elucidated at 2.0 Å resolution. X-ray data and model refinement statistics are given in Table 1 . Z1 and Z2 belong to the I (intermediate) set of Ig folds (Harpaz and Chothia, 1994) . They share 41% sequence identity and high structural similarity (rmsd of w1.02 Å , calculated for Ca atoms by using TOP [Lu, 2000] ). The crystal type used in this study contains three Z1Z2 copies per asymmetric unit, corresponding to two different conformations ( Figure 1A) . One copy exhibits an extended domain arrangement in which the Ig domains are almost coaxial. The other two copies display a compact, V-shaped conformation in which the Ig domains nearly pack laterally. Values for hinge opening and domain torsions in these models are given in Table 2 . The two compact models are basically identical (rmsd of 0.67 Å for Ca atoms from the entire molecule). These data reveal that domains in Z1Z2 can undergo long-range, complex motions.
In the crystal, every Z1Z2 copy binds a metal ion (Figure 1A) . The latter is thought to be cadmium, which was present in large quantities in the crystallization medium. This was supported by anomalous diffraction data recorded at l = 1.54 Å , which yielded peaks with heights of 16.5s, 15.4s, and 14.0s for metal sites (calculated by using phases from apo-Z1Z2). In its open conformation, Z1Z2 coordinates the metal via residues from Z1 (E26 and H28) and Z2 (E165) of another molecule. In the closed forms, metal binding involves both Z1 (E26 and H28) and Z2 (E155) from the same molecule. Here, metal coordination constitutes the most prominent interaction across domains that, otherwise, lack direct contacts, with the exception of the hydrogen bond Z1:Q13-Z2:D157 (2.53 Å ) in one closed model. The open conformation is void of any specific Ig-Ig contacts, but it includes a weak hydrophobic component at the linker region derived from the clustering of L18 and the aliphatic portion of E19 in Z1, the aliphatic chain of E100 at the linker, and I130 in Z2 ( Figure 1B) .
The arrangement of Ig modules in Z1Z2 depends on the conformation of a 3 residue linker with sequence ''AET' ' (residues 99-101) . Both in open and closed models, linker groups are well defined in electron density maps ( Figure 1C ), and their crystallographic temperature factors do not deviate significantly from the pro-tein average. A comparative analysis of main chain torsion angles across models shows that residue A99 constitutes the effective hinge in these structures. A99 changes its conformation from extended to helical by rotation around the main chain dihedral angle Psi (Figure 1D) . Thus, the long-range domain motion in these structures is torsional in nature and derives primarily from a rotation around one single bond, which serves here as a mechanism of hinge closure.
Domain Orientation as Derived from RDC Data
Crystal structures of pliant proteins may exhibit selected conformations that, even if sparsely populated in solution, might favor specific lattice contacts. Thus, we analyzed the relative orientation of domains in Z1Z2 by using NMR data derived from RDC in a partially oriented alignment medium (Tjandra et al., 1997; Bax et al., 2001) . RDCs define an external coordinate system for the molecule of interest termed the ''alignment tensor,'' which is characterized by the axial component, D A , and the rhombicity, R. For a modular protein, the orientation of each domain can be determined separately within this coordinate frame, and the relative interdomain orientation can be deduced (Losonczi et al., 1999) .
Partial alignment of Z1Z2 was induced by using compressed, positively charged polyacrylamide gels (Ulmer et al., 2003; Cierpicki and Bushweller, 2004) . Chemical shift analysis (Edlich and Muhle-Goll, 2003) showed that the secondary structure elements of the molecule in solution are identical to those in the crystal. Only a single set of chemical shifts was observed for all residues, including linker residues, suggesting that in solution Z1Z2 either adopts a preferential conformation or that alternative forms are dynamically averaged. The linewidth of linker and core residues was equivalent. The backbone torsion angles of the linker groups calculated from chemical shifts indicated an extended conformation for all 3 residues, but these did not fit either of the two crystallographic arrangements. Similarly, RDC values calculated from each of the three crystal structure models, or a linear combination of these, did not reproduce the experimental data well. The goodness-offit factor, Q, remained above 0.6 in all cases, whereas values in the range of 0.25-0.40 are typical for fits of crystal structures at 1.8-2.5 Å resolution (Cornilescu et al., 1998) . This result pointed toward different conformations of Z1Z2 in the crystal lattice and in the alignment medium. Considering that differences might primarily affect the overall domain orientation, individual domains were assayed. These, especially Z1, yielded somewhat better fits (Q factors for RDC values calculated from secondary structure elements of Z1 and Z2 were 0.38 and 0.60, respectively) ( Figures 2A and 2B) .
A relatively high degree of structural ''noise'' in the crystallographic models compared to the solution structure (Zweckstetter and Bax, 2002) is also indicated by the fact that the values for the D A component of the alignment tensor obtained by singular value decomposition (SVD) were underestimated by 27% for Z2 compared to values obtained from the powder pattern. While the error in the crystallographic coordinates was calculated as 0.27 Å based on a Luzatti plot (Luzatti, 1952) , the structural variability of the individual Ig domains, as estimated from the rmsd in atomic positions across models, was w0.56 6 0.10 Å for Z1 (residues 4-98) and w0.39 6 0.14 Å for Z2 (residues 102-194) (TOP software [Lu, 2000] ). This showed that the local geometry within domains varies slightly, possibly justifying the poor agreement between calculated and experimental RDCs. Because of the low consistency of the crystal structures with the RDC values, the D A and R components of the alignment tensor could not be determined accurately. Thus, we tested the dependence of the calculated domain orientation on these parameters by refining the individual Ig domains against the experimental RDC data covering a range of D A and R values. Both quantities were varied systematically and stepwise to cover the values between those determined by SVD and those obtained from the powder pattern. Only RDC data for residues in secondary structure elements were used in the calculation since these were less affected by structural variability. Only well-isolated RDC peaks with good intensity were considered (Figures 2A and 2B ). Data were not detectably correlated ( Figure 2D ). During these calculations, which employed simulated annealing, the crystal structures were kept virtually unchanged by means of geometrical restraints. The influence of force constants applied to the geometrical and experimental RDC terms on resulting models was assessed. This revealed that NH bonds underwent a reorientation of 5 -10 depending on the force applied. These changes are within the NH bond variability calculated from the superposition of crystal structures, which amounted to 30 in loops and 14 in secondary structure elements. This work proved that the calculated orientation of both HN vectors and the alignment tensor was robust, with domain arrangements obtained by the diverse protocols agreeing to within 10 . Final orientations were computed by refinement of the complete structures, in which translational drifts between the two Igs were restrained by confining the linker movement by using two additional RDCs and additional torsion angle values derived from the chemical shifts. As for the individual domains, calculated orientations remained within a w10 variability range ( Figure 2C ). From all trials performed, a representative family of conformers (n = 200) was obtained ( Figure 3C ); in members of this family, the alignment tensor calculated from full structures corresponded exactly to the average obtained from individual domains.
The conformers thus calculated formed four clusters ( Figure 3C ). This segregation arises from the 4-fold degeneracy of the RDC values, which are even functions of q and f polar angles of the respective HN bonds and the alignment tensor (see Experimental Procedures, Equation 1). In order to unambiguously determine domain orientations by RDCs, measurements in different media are needed that, by comparative analysis, can resolve this degeneracy and allow for the selection of a given cluster. In the current case, additional RDC data could not be recorded because Z1Z2 interacted with all other media assayed (5% [w/v] hexaethylene glycol monododecyl-ether [C12E6]/n-hexanol, phages, DHPC/DMPC). None of the four clusters of conformers calculated from polyacrylamide gels coincided with available crystal structures; thus, these could not point to a representative set. Finally, we carried out cluster selection by comparatively evaluating the models against SAXS data that report on the average conformation of a molecule in solution.
Average Conformation in Solution Determined by SAXS
The overall parameters of Z1Z2 derived from SAXS are similar to those previously reported (Zou et al., 2003) ( Figure 3A) . The experimental radius of gyration, R g = 31 6 0.5 Å , and the maximum size, D max = 110 6 10 Å , indicate an anisometric structure. This is further confirmed by the profile of the distance distribution function ( Figure 3A) , typical of elongated particles (Feigin and Svergun, 1987) . A low-resolution model of Z1Z2 reconstructed ab initio fitted the experimental data optimally (c = 0.74; Figure 3A ) and displayed two separated domains in a semiextended conformation (Zou et al., 2003) (Figure 3B) .
In order to assess crystallographic and RDC models, their agreement with SAXS data was analyzed ( Figure 3A) . The scattering calculated from the compact crystal structure failed to fit the experimental scattering (c = 3.63). The extended crystal form yielded a significantly better fit (c = 1.22), but the computed pattern still deviated noticeably from the data. Calculations on the 200 RDC conformers showed that the 50 models with the lowest-discrepancy values (c = 0.80-0.93) constituted a defined cluster ( Figure 3C ). Further, the best-fitting RDC conformer within this cluster (c = 0.80) was neatly superimposable with the ab initio SAXS model computed independently ( Figure 3B ). To better display the differences between the individual fits, normalized residuals (i.e., fit deviations divided by the experimental errors) are presented ( Figure 3A; bottom panel) . The residuals of the compact crystal form are exceedingly large, but, also, those from the extended crystal form revealed systematic deviations. The selected RDC model displayed a detectably better fit in the entire scattering range, with the exception of a few points at very small angles (s < 0.04 Å 21 ; note that these innermost points are most affected by uncertainty in background subtraction and possible interference effects). The full RDC cluster yielded a fit with c = 0.90, while the best possible mixture of crystallographic models (85% extended plus 15% compact) provided c = 1.00, better than those of each model separately but still worse than any of the RDC conformers in the chosen cluster. This suggested that crystal models are worse representatives of the average conformation of Z1Z2 in solution than RDC conformers, whose domain arrangement (Table 2) is more bent than the extended crystal structure ( Figure 4A ). No improved fit was achieved by assaying populations of mixed crystal and RDC models, in which the best mixtures never contained more than 3%-4% of the compact crystal model, indicating that, if present in solution, compact conformations amount only to a minor fraction of the population. Although the possible existence of a mixed population of extended forms diverging slightly cannot be discarded, it can be concluded that the selected RDC cluster is a good representative of the average conformation in solution.
Absence of Fast Interdomain Motions
Modular flexibility around a hinge region can result in fast interconvertion between conformations and can give rise to uncertainty in domain arrangements calculated by RDC. To assess whether fast domain motions take place in Z1Z2 and to address motion on a per residue basis, we measured 15 N relaxation data (R1, R2) and heteronuclear NOE values at 800 MHz. The values of heteronuclear NOE, which report on the relative mobility of structural components, were evenly distributed around an average of 0.76 with the exception of those of the 2 N-terminal residues ( Figure 3D ). The C 0 D loop region of Z1, which includes a 2 residue insertion relative to Z2, displays reduced values of w0.5, indicating that this is less rigid than the core of the domain. Of the residues in and around the linker region, only T101 shows a reduced NOE value of 0.56. Neither the R2 nor R1 values of the linker residues deviated noticeably from the average value. Correspondingly, the Lipari-Szabo order parameter S 2 (which describes the angular motion for each residue) of linker residue T101 was only slightly diminished from the average value of 0.8-0.9 to a value of 0.75. These data indicate that ultrafast interconversion of Z1Z2 conformations in solution is unlikely.
The size and shape of the molecular diffusion tensor can also be determined from relaxation data. The diffusion tensor calculated for Z1Z2 was clearly anisotropic, whereas a flexible domain arrangement would have yielded more isotropic values. Unfortunately, the quality of our data did not allow us to determine motional parameters on a per residue basis or to calculate domain arrangements from the individually determined diffusion tensors. Instead, we used relaxation values to estimate the mobility of Z1Z2 compared to other proteins. This approach has been used previously in the study of Fn9-Fn10 from fibronectin (Spitzfaden et al., 1997) . There, the 15 N relaxation behavior of a native construct was compared to that of engineered variants with an increasing number of glycine linker residues that progressively abolished the native contacts between domains. In that work, both R1 and R2 values varied significantly with linker length, reflecting an increase in modular flexibility and, hence, the comparative rigidity of the native protein. For Z1Z2, average R1 and R2 values of 1/1000 ms and 1/60 ms, respectively, are consistent with those from a slightly elongated linker version (2 added residues) of the FnIII doublet. The values are also fully consistent with those measured for an I-band Ig pair from titin, I91-I92 (formerly I27-I28) (Improta et al., 1998) . In Z1Z2, the overall correlation time, t c , of 14.2 ns (TENSOR2 [Dosset et al., 2000] ) is distinctly different from the value of a mobile two domain construct (w9 ns) (Spitzfaden et al., 1997) . Based on this comparison, Z1Z2 appears to tumble as a fairly rigid body in solution on the nanosecond timescale. Its linker exhibits a certain rigidity, although this is not as pronounced as that of Fn9-Fn10.
Discussion
Here, we present a comprehensive, mechanistic analysis of the conformational dynamics of an Ig doublet from titin. This is based on the comparison of crystallographic models, RDC conformers, 15 N NMR relaxation values, and low-resolution SAXS data. While crystal structures provide a unique insight into the atomic details of the molecule, particularly of linker groups that are difficult to address otherwise, the presence of mixed conformers within one asymmetric unit suggests that external forces influence domain arrangement. RDC data allow for unbiased determination of interdomain orientations in solution, albeit a 4-fold degeneracy, but require the availability of a structural model for ready interpretability. To resolve the RDC degeneracy, independent measurements that confirm the calculated domain orientation are needed. In this study, this was achieved by using SAXS data, which on their own only allow for a global description of the average molecular shape. To assess whether the apparent conformation in solution results from possible dynamic averaging of multiple conformers due to modular flexibility or correspond to conformationally monodisperse samples, NMR relaxation methods can be applied to measure motions in a polypeptide chain on a per residue basis and on the subnanosecond timescale. The current study combines all of these methodologies to determine the conformational properties of Z1Z2.
Our findings suggest that Z1Z2 adopts a preferential conformation in solution, even though the length of its 3 residue linker (w10 Å ) and the lack of Ig-Ig contacts could well allow for complex modular motions. Structural models from samples in solution calculated independently by using RDC and SAXS show excellent agreement, revealing Z1Z2 in a semiextended conformation ( Figure 3B ; Table 2 ). In this study, the consistency between crystal structures and RDC values was lower than expected, which is likely due to structural (A) Stereorepresentation of models of Z1Z2 superimposed on Z2 (green). Z1 is colored coded so that dark brown represents the telethonin bound form (Zou et al., 2006; PDB entry 1YA5) ; the main area of interaction to telethonin is colored purple, red shows the crystallographic open form, orange shows the best SAXS-fitting RDC model, and pink shows the closed crystal model. Domain arrangements are described in Table 2 . noise (Zweckstetter and Bax, 2002) and/or dynamical averaging (Bertini et al., 2004) . The conformation calculated for Z1Z2, however, is unlikely to simply correspond to an average of fast interconverting forms in solution, since 15 N relaxation data did not reveal fast motions within the linker region ( Figure 3D ) and the values are consistent with at least a semirigid arrangement.
The fact that few structural limitations restrict interdomain rearrangements in Z1Z2 suggests that it might undergo moderate or even long-range motions either derived from relatively slow dynamics (below the NMR 15 N relaxation timescale) or adaptation to a local environment, for example, an induced fit to a binding partner or a crystalline lattice. The various Z1Z2 conformations identified to date ( Figure 4A ) confirm that these events do, in fact, take place. The extended crystal structure of Z1Z2 identified in this study is closely related to the preferential state in solution, but it has a wider hinge opening (Table 2) , probably as a result of an accommodation to lattice interactions. The compact crystal model, however, appears to represent a poorly populated state in solution. The fact that this is enriched in the crystal indicates that it is favored by the crystallization medium and/or selectively incorporated into the lattice. Considering that the conformational energy of Z1Z2 must account for hinge geometry as well as Ig-Ig interactions, it is feasible that cadmium binding, the only prominent interdomain contact in this case, could have driven and locked the molecule into this state. This metal, abundant in the crystallization medium, is unlikely to be physiologically relevant. This is supported by the fact that metal ions were not found in the crystal structure of Z1Z2 complexed to telethonin (Zou et al., 2006) . Z1Z2 bound to telethonin is fully extended (Zou et al., 2006) (Figure 4A ; Table 2 ). This conformation probably results from an induced fit of Z1Z2 to its partner, which is permitted by its adaptable linker. The interaction is highly selective, although it only relies on main chain groups that mediate the formation of an intermolecular b sheet and, as shown by mutagenesis (Zou et al., 2006) , it is sequence independent. In titin, numerous Ig domains are present along the filament, and pairs with similar linker length and close structural similarity to Z1 and Z2 are abundant, particularly in the skeletal I-band section (Marino et al., 2005) . Partner recognition under these conditions might well rely on steric criteria. Hence, we speculate that the preexistent conformation of Z1Z2, in which interacting surfaces are in a productive spatial arrangement, must contribute to an effective and selective recruitment of telethonin, whereas free modular motions would render such complexation sterically and entropically unfavorable.
The comparative analysis of Z1Z2 conformations reveals the molecular mechanisms of linker adaptability and, thus, of interdomain motions. In the conformations so far identified, variations in hinge opening are associated with domain torsions, as revealed by the direction of the interrotation axes ( Figure 4A ). Structures of free Z1Z2 show that domain closure can be achieved by rotation around a single main chain bond. On the other hand, interconversion of the several extended arrangements involves only slight rotations of the linker groups. Interestingly, both in the hinge-closed and the extended domain variations observed in this study, residue A99 constitutes the central mechanical point of torsion ( Figure 4B ), probably because of the absence of a hindering side chain. Although moderate domain rearrangements across extended conformations involves only minor alterations of the linker, NMR relaxation data show that the modular dynamics of Z1Z2 are restricted. This is remarkable, given the absence of Ig-Ig contacts and the relatively long linker. The latter appears to be semirigid and deformable, but not freely flexible. This might be speculated to result from its minor hydrophobic component ( Figure 1B) , which could be interpreted to act as a ''greasy'' domain interface allowing viscous domain oscillations but preventing free motions. Extreme domain rearrangements, such as that of the compacted Z1Z2, alter the disposition of hydrophobic groups significantly and, in the absence of compensatory interdomain forces, might be unfavorable.
Data available on other poly-Ig and -Fn proteins indicate that modules within tandems stabilize their respective orientations by strong domain-domain interactions, by stiffening of the conformation of linker sequences upon binding of small ligands, or by oligomerization. These principles are illustrated by the crystal structures of fibronectin (Leahy et al., 1996) , axonin-1/TAG-1 (Freigang et al., 2000) , cadherin (Boggon et al., 2002) , and NCAM (Soroka et al., 2003) , among others. The crystal structure of a four-FnIII fragment from human fibronectin (Leahy et al., 1996) reveals an extended array, in which the first two FnIIIs interact along a large surface area while the two C-terminal domains are nearly linear. This arrangement is mediated by well-defined networks of hydrogen bonds involving loops at the N-and C-terminal ends of each neighboring domain. On the other hand, Ig components of the cell adhesion protein cadherin are kept in their specific orientations by calcium binding at the linker region, which thereby becomes stiff. This is shown by studies on a five-Ig construct of C-cadherin (Boggon et al., 2002) and a two-Ig fragment of Ecadherin (Hä ussinger et al., 2002) . Removal of calcium results in flexible linkers and causes the protein to loose its ability to oligomerize, which is crucial to its function. In contrast, NCAM mediates neural cell adhesion in a calcium-independent fashion. In this case, the conformation of the Ig array appears to be secured by its oligomerization pattern. This was deduced from the crystal structure of a three-Ig apical fragment (Soroka et al., 2003) that shows a slightly bent conformation in which domains 1 and 2 are arranged in a linear fashion but domain 3 is tilted with respect to its adjacent domain. In addition to these linear arrays, crystal structures of four-Ig segments from the neural cell adhesion molecule axonin-1/TAG-1 (Freigang et al., 2000) and the lipopolysacccharide binding immune protein hemolin (Su et al., 1998) exhibit compact, U-shaped arrangements due to contacts between domains 1-4 and 2-3 in the molecule. This arrangement is made possible by the presence of a long linker (15 residues in length) between Ig 2 and 3 that allows bending. These examples illustrate the diverse means by which multi-Ig or -FnIII proteins achieve specific conformations. By comparison, it is surprising that Z1Z2 does not exhibit a faster averaging dynamics, given the absence of modular interactions, that it comprises a linker of moderate length, that it does not oligomerize in solution, and that its linker is not known to mediate interactions with other ligands.
Long poly-Ig tandems predominate in the I-band of titin. Their elastic properties are central to the passive mechanics of the sarcomere (references within Granzier and Labeit, 2004) . Understanding the mechanical function of these tandems intrinsically requires knowledge of their conformation and dynamics. NMR relaxation data on Z1Z2 are consistent with those reported for I91-I92 (formerly I27-I28) from the distal I-band (Improta et al., 1998) , suggesting that I-band modules and Z1Z2 exhibit comparable dynamics. As in Z1Z2, I91-I92 appeared to show a small degree of bending relative to a fully linear conformation, with an estimated hinge opening value of w155 according to SAXS data (Improta et al., 1998) . Further calculations on a six-Ig fragment from the skeletal I-band, I65-I70, based on electron microscopy and SAXS data suggested a certain molecular stiffness and an average opening angle between any two neighboring Ig domains of w143 (Marino et al., 2005) . This indicates that the conformational dynamics of Z1Z2 might be closely related to that of I-band Ig tandem repeats. Consequently, those modules might resemble Z1Z2 in constituting adaptable, modular formations with extended domain arrangements, characterized by a restricted and slow dynamics, probably reflecting a certain viscosity due to small, hydrophobic interdomain surfaces. As in Z1Z2, it could be expected that I-band modules might be able to adopt preferential conformations at equilibrium in solution, but that they could undergo long-range or moderate motions, likely to involve domain torsions, when subjected to directed stretch-contraction forces in the sarcomere. Additional data on poly-Ig arrays of titin will have to become available before it can be established whether this might constitute a generic conformational principle of the structure and mechanics of this filament.
Experimental Procedures
Crystal Structure Determination The cloning, expression, and purification of Z1Z2 from human titin (residues 1-196; EMBL X90568) have been recently reported (Zou et al., 2003) . Crystallization used the hanging-drop method. First, thin needles grew from a solution of 100 mM MES (pH 6.5), 50 mM CdSO 4 , and 1 M sodium acetate at a protein concentration of 30 mg/ml. The needles were crashed and used for microseeding of solutions containing 100 mM MES (pH 5.5), 200 mM CdSO 4 , 400 mM sodium acetate, and 15-20 mg/ml protein. Crystals then grew as clusters of thin plates (thickness = w15 mm). Single crystals were excised from the clusters by using microappliances.
For X-ray data collection, crystals were frozen at 100K in mother liquor solutions supplemented with 30% (v/v) glycerol as cryoprotectant. Although initial diffraction was measurable up to 1.5 Å resolution, radiation damage limited effective recordings to 2.0 Å and required frequent recentering to irradiate fresh portions of the crystal. Data processing was performed with MOSFLM/SCALA (Leslie, 1992; Evans, 1993) . Phasing was performed by using molecular replacement and a poly-alanine model derived from the single Ig domain of telokin (1FHG) (w40% sequence identity to Z1 or Z2 and accounting for 1/6 of the asymmetric unit) as a search model in AMoRe (Navaza, 2001) . Five Ig domains could be located, resulting in a correlation coefficient of 30.5% and an R factor of 49.9%. The sixth domain was revealed in electron density maps after initial model refinement had taken place. Manual model building was performed with O (Jones et al., 1991) , and refinement used overall anisotropic B factor scaling, bulk solvent correction, and restrained atomic B factor minimization in CNS (Brunger et al., 1998) . Noncrystallographic symmetry restraints were applied across individual domains during the early stages of refinement and were released progressively. Experimental data were divided into a working and a test set by using FREERFLAG (CCP4 ,1994) . The solvent was built with ARP/wARP (Perrakis et al., 2001) and validated visually in electron density maps. The final model includes all protein residues for each Z1Z2 copy in the asymmetric unit.
NMR Spectroscopy
Spectra were acquired in 20 mM sodium phosphate buffer (pH 6.8), 100 mM NaCl at a protein concentration of 0.4 mM at 22 C. Spin state-selective 15 N-TROSY experiments without 1 H decoupling were recorded on a 15 N-labeled sample to extract HN-N dipolar coupling at 22 C on either a Bruker DMX600 or DMX500 spectrometer, both equipped with a cryoprobe. A laterally compressed 7% polyacrylamide gel consisting of 50% positively charged copolymer (crosslinking ratio 20:1):(3-acrylamidopropyl)-trimethylammonium (Ulmer et al., 2003; Cierpicki and Bushweller, 2004 ) with a compression ratio of 17/23 was used as alignment medium. Relaxation and Dynamics Standard sets of 15 N R1, 15 N R2, and ( 1 H-15 N)NOE relaxation experiments were measured at 800 MHz. The program TENSOR2 (Dosset et al., 2000) was used for data analysis. NMR Structure Evaluation and Calculation RDC values can be calculated from the polar angles of the respective HN bonds in the alignment tensor frame by following:
where D A and R specify the axial component and the rhombicity of the tensor, respectively. Values for D A and R were obtained either by SVD (Losonczi et al., 1999) or were optimized from a systematic grid search. In order to estimate the influence of selected RDC values and their distribution throughout the structure on the determination of the alignment tensor, we performed a jack-knife procedure in which 10% of the data were removed arbitrarily for each domain. This crossvalidation approach yielded results equivalent to those described and confirmed the robustness of the calculations. A modification of the program Aria1.2/CNS was used for structure calculation (Linge et al., 2001) . This employs a noncrystallographic symmetry term to harmonically restrain the coordinates of the individual domains to the respective crystal structures. An artificial tetra-atomic molecule representing the axes of the alignment tensor was allowed to float during the torsion angle dynamics period of the refinement protocol . This allows reorientation of the domains to match the experimental RDC during simulated annealing while a minor local reorientation of the HN vectors is permitted. Hydrogens were added to the crystal structures with CNS (Brunger et al., 1998) . The final calculation of the domain orientation used common D A and R values of 27 and 0.5, respectively, obtained from the powder pattern, but results were essentially unchanged if other and/or two separate values were employed. Torsion backbone angles calculated from chemical shifts (Cornilescu et al., 1999) were added to restrain the conformation of the linker. A total of 500 conformers were computed in each calculation trial; of these, the best 200 were refined in an explicit water shell.
SAXS
SAXS data were collected at X33, EMBL (DESY, Hamburg) by using a linear gas detector and wavelength l = 1.5 Å . Solutions of Z1Z2 were measured at concentrations of 2.0, 5.0, and 10.0 mg/ml. Data acquisition and processing was performed as reported (Zou et al., 2003) . The low-resolution model of Z1Z2 was constructed ab initio by using the program GASBOR (Svergun et al., 2001) , which represents the protein as an ensemble of dummy residues. The scattering from crystal structures and RDC models was calculated with CRYSOL (Svergun et al., 1995) . The volume fractions of mixed populations of conformers were computed with OLIGOMER (Konarev et al., 2003) .
